Introduction
============

Chondrosarcoma of bone is a malignant cartilage-forming tumour that is notorious for its resistance to conventional chemotherapy and radiation therapy. The majority of tumours arise in the medullar cavity of bone and are designated primary central chondrosarcomas (80--85%) \[[@b1]\]. For \< 1% of chondrosarcomas, there is clinical evidence that they arose secondary to a pre-existing (benign) enchondroma \[[@b1], [@b2]\]. Enchondromas occur mostly as solitary lesions, although they may occur as multiple lesions in the context of non-hereditary enchondromatosis (Ollier disease).

Chondrosarcomas are histologically divided into three grades, which is currently the only objective predictor of metastasis. While grade I tumours rarely metastasize and the 10-year survival rate is 83%, patients with grade III tumours develop metastatic disease in up to 71% of the cases and the 10-year survival rate decreases to 29%\[[@b3]\]. Marginal or intralesional excision of tumours can result in local recurrence. Thirteen percent of recurrent chondrosarcomas are of a higher grade than the primary tumour \[[@b4]\]. Currently, surgical removal of the tumour is the only option for curative treatment. There is no treatment to offer patients with metastatic disease or inoperable tumours in the extremities or pelvis. Elucidating the molecular background of high-grade chondrosarcomas and the involved pathways that lead to tumour progression may help identify targets for future therapeutic strategies to improve clinical outcome.

In contrast to other solid tumours, central chondrosarcomas harbour relatively few, consistent, numerical genomic alterations; however, the amplification of 12q13 \[[@b5], [@b6]\] and deletion of 9p21 \[[@b7]--[@b9]\] are two consistent genetic aberrations. Using array comparative genomic hybridization (CGH), we previously showed amplification of 12q13 in 6 of 21 (29%) central chondrosarcomas, which correlated with high histological grade \[[@b6]\], as was also suggested by others \[[@b9]\]. Several genes in this region are of importance for cell cycle control including *CDK4* and *MDM2*, players in the pRb and *p53* pathway, respectively. Defects in these pathways are found at high rates in almost all types of human cancer \[[@b10], [@b11]\]. Combining the array CGH results with those of our genome-wide expression profiling experiments showed overexpression of the *CDK4* proto-oncogene in tumours with 12q13 amplification \[[@b6]\]. *CDK4* controls progression through the cell cycle by regulating the transit of the cell through the G1 restriction point. This occurs by hyper-phosphorylation of pRb, leading to the release of E2F transcription factors. To accomplish this, *CDK4* forms a complex with *cyclin D1*. This complex is tightly regulated by the inhibitory protein *CDKN2A* (*CDKN2A*/*p16*), which is encoded by the *INK4A-ARF* locus located on chromosome 9p21. Inhibition of the pRb-mediated cell cycle control through amplification of *cyclin D1* or *CDK4* and/or loss of expression of *CDKN2A/p16/INK4A* has been observed in many tumours \[[@b12]\]. Despite LOH of 13q14 has been found in a subset of chondrosarcoma \[[@b13], [@b14]\], *i.e.* in 10 of 28 tumours by Yamaguchi *et al.*\[[@b5]\], pRb mutations were not found \[[@b5]\]. Ropke *et al.* showed pRb expression in 16 of 17 chondrosarcomas by immunohistochemistry \[[@b14]\].

We and others previously demonstrated that loss of *CDKN2A*/*p16* protein expression is correlated with increasing histological grade in central chondrosarcoma \[[@b7], [@b15], [@b16]\]. *Cyclin D1* was previously shown to be expressed in 25 of 34 (73%) high-grade central chondrosarcomas \[[@b17]\].

In addition to *CDK4*, the 12q13 gene region harbours the *MDM2* gene that is frequently found to be co-amplified with *CDK4*\[[@b18]\]. The *MDM2* gene encodes an E3 ubiquitin ligase involved in the degradation of *p53* protein. The tumour suppressor protein *p53* is activated upon various forms of stress, including aberrant mitogenic signalling, resulting in cell cycle arrest and/or the induction of apoptosis \[[@b11]\]. *p53* mutations have been found in a subset of chondrosarcomas, and are mostly associated with aggressive behaviour (reviewed in Rozeman *et al.*, 2002 \[[@b19]\]). Amplification of *MDM2* is frequently found in sarcomas (reviewed in Sandberg *et al.*, 2004 \[[@b20]\]).

In addition to 12q13 and 9p21 alterations, Morrison *et al.* reported amplification of the oncogene *c-MYC* (8q24) in about 33% of high-grade chondrosarcomas \[[@b21]\]. However, these results could not be reproduced in other series \[[@b6]\]. *c-MYC* among others, drives cells into S phase \[[@b22]\]. Slight differences in *c-MYC* expression were reported between enchondromatosis-related and solitary chondrosarcomas \[[@b23]\].

The aim of our study was to investigate whether the pRb and *p53* pathways harbour potential targets for therapy of inoperable or metastatic chondrosarcomas. Because 12q13 and 8q24 amplifications and 9p21 deletions suggest an important role for cell cycle regulators, especially those in the pRb and *p53* pathways, we present the first *in vitro* evidence for an important role of *C DKN2A/p16* and *CDK4* in chondrosarcoma cell survival and proliferation. Subsequently, we validated the expression of *CDK4*, *MDM2* and *c-MYC* at the mRNA and protein level in a large series of central chondrosarcomas.

Materials and methods
=====================

Cell culture
------------

Chondrosarcoma cell lines derived from chondrosarcoma grade II (SW1353, American Type Culture Collection, Manassas, VA), and chondrosarcoma grade III (CH2879 \[[@b24]\] and OUMS27 \[[@b25]\]) were cultured in RPMI 1640 (Gibco, Invitrogen Life-Technologies, Scotland, UK). The breast carcinoma cell line MCF7 was grown in Dulbecco's modified Eagle medium. Media for both cell lines were supplemented with 10% heat-inactivated foetal calf serum (Gibco). Cells were grown at 37°C in a humidified incubator with 95% air and 5% CO~2~. The cartilaginous phenotype was confirmed by RT-PCR, showing mRNA expression of *collagens I*, *2B*, *3* and *10*; *Aggrecan;* and *SOX9*\[[@b26]\].

Overexpressing and short hairpin (sh) RNA lentiviral vectors
------------------------------------------------------------

The *CDKN2A/p16*-expressing lentiviral vector (kindly provided by Dr. R. Hoeben, department of Molecular Cell Biology, Leiden University Medical Center) has been described previously \[[@b27]\]. To generate vectors expressing shRNA against *CDK4*, oligonucleotides (for sequences see Supplementary Table S1) were cloned into the pTER vector \[[@b28]\]. Subsequently, fragments containing the H1-promoter and cloned oligonucleotides were recloned into the lentiviral pRRL-CMV-GFP vector \[[@b29]\]. Production of lentiviruses by transfection into 293T cells has been described previously \[[@b29]\]. For infection of the chondrosarcoma cell lines, 10^5^ cells were seeded into 6-cm dishes and allowed to attach overnight. Virus was quantitated by antigen capture ELISA measuring HIV p24 levels (ZeptoMetrix Corporation, NY). This value has been converted to an infectious titre using the approximation that 1 ng of p24 equals 2500 infectious units (multiplicity of infection (MOI)). To obtain overexpression, cells were infected with the *CDKN2A/p16*-expressing lentivirus with an MOI of 1. An empty vector was used as a negative control for infections. To obtain specific knockdown, a mixture of three *CDK4*-shRNA-expressing lentiviral vectors was used (MOI 3); shRNA against murine *MDM4* was used as a control. Cells were transduced in the presence of 8 μg/ml polybrene (Sigma Aldrich, Zwijndrecht, the Netherlands). Microscopic evaluation of green fluorescent protein (GFP) expression three days post-transduction showed 80--90% transduction efficiency for all conditions.

Immunoblotting
--------------

Proteins were extracted from cell cultures using Giordano lysis buffer (50 mm Tris-HCl pH 7.5, 250 mm NaCl, 0.1% Triton X-100, 5 mm EDTA, and 15% glycerol). Protein concentrations were measured using a Bradford assay (Bio-rad Laboratories, Hercules, CA, USA). Ten micrograms of total protein lysate from each sample was separated on SDS-PAGE. Lysates of normal human skin fibroblast cell line VH10, which was density-arrested and serum starved during two weeks, and subsequently reseeded in 20% serum, served as positive control for hyper-phosphorylated pRB (p-pRb). Two *p16* negative melanoma cell lines were used as a control for loss of *p16* staining in the chondrosarcoma cell lines. Proteins were transferred onto polyvinylidene difluoride membranes (Immobilon-P, Millipore, Billerica, MA, USA). Equal protein loading was verified by a tubulin staining. The membranes were pre-incubated with blocking solution (10% Non-fat dry milk in Tris buffered saline pH 8.0, 0.2% Tween-20). After incubation with primary (Supplementary Table S2) and secondary antibodies, the membranes were developed with Super Signal West Dura (Pierce Biotechnology, Rockford, IL, USA) and visualized by exposure to X-ray films or *via* the Chemigenius XE3 (Syngene, Cambridge, UK).

Proliferation assays
--------------------

Cell counts were performed in duplicate using a Bürker chamber. A WST-1 colorimetric assay (Roche Diagnostics GmbH, Penzberg, Germany) was used to measure metabolic activity that represented the amount of viable cells. Briefly, cells were seeded into 96-well flat-bottom plates (1000 cells/well), each condition in quadruplicate. On days 3 and 6 post-transduction, the metabolic activity of the cells was measured on a Victor^3^ Multilabel Counter 1420-042 (Perkin Elmer, MA, USA) at 450 nm.

Clonogenic survival assay
-------------------------

Cells (1000, 5000 and 10000) were plated on 6-well plates. Cells were allowed to form colonies over a period of 14 days and subsequently fixed with methanol/acetic acid and stained using Giemsa.

Patient material
----------------

Conventional central chondrosarcomas were selected based on accepted clinicopathological and radiological criteria \[[@b1]\]. Peripheral-, juxtacortical-, mesenchymal-, dedifferentiated- and clear-cell chondrosarcomas were excluded. In total, specimens from 105 patients were studied including 45 high-grade chondrosarcomas. The clinical details are outlined in [Table 1](#tbl1){ref-type="table"}.

###### 

Clinicopathological data of the 105 enchondromas and chondrosarcomas

                                              Enchondromas      Chondrosarcomas                                                              
  ------------------------------------------- ----------------- ------------------------------------ --------------------------------------- --------------
  Total number of tumours                     20                7[\*](#tf1-2){ref-type="table-fn"}   70                                      27
  Grade I                                     --                --                                   25                                      11
  Grade II                                    --                --                                   28[\*\*](#tf1-3){ref-type="table-fn"}   7
  Grade III                                   --                --                                   17[\*\*](#tf1-3){ref-type="table-fn"}   9
  Male                                        11                3                                    36                                      17
  Female                                      9                 4                                    34                                      10
  **Enchondromatosis**                        6                 5                                    7                                       11
  **Median age at diagnosis years (range)**   33.6 (11--66.4)   18(12--37)                           51.4(17.8--84)                          40(17.8--84)
  **Median follow-up months (range)**         100 (6--221)                                           84(5--247)                              

Abbreviations: FFPE, Formalin fixed paraffin embedded.

All fresh frozen enchondromas were located in the phalanx.

A subset of 29 FFPE high-grade chondrosarcomas (grade II and III) was selected to study pRb and p53 pathway ([Table 3](#tbl3){ref-type="table"}).

Histological grading was performed according to Evans \[[@b3]\]. All specimens were handled according to the ethical guidelines described in 'Code for Proper secondary Use of Human Tissue in The Netherlands' of the Dutch Federation of Medical Scientific Societies.

Quantitative real-time reverse transcriptase PCR (qPCR)
-------------------------------------------------------

Fresh frozen tumour tissue was available for RNA isolation, performed as described previously, from 34 cases \[[@b30]\]. Growth plate samples (*n*= 4) were used as controls. mRNA expression of *CDK4, MDM2* and *c-MYC* (for primer sequences see Supplementary Table S3) were studied usingquantitative RT-PCR, as previously described \[[@b31]\]. Four control genes (*CYPA, CPSF6, SRPR* and *HNRPH*1) were selected because of their invariable expression in chondrosarcoma \[[@b31]\]. As a reference for normalization and statistical analysis, a mixture of 15 cell lines \[[@b23]\] was included. Normalization was performed using GENORM \[[@b32]\].

Immunohistochemistry (IHC)
--------------------------

Formalin-fixed, paraffin-embedded material from 90 tumours was used, including 45 high-grade (grade II and III) chondrosarcomas to study *CDK4*, *MDM2* and *c-MYC* by IHC. Twenty-nine of these 45 high-grade chondrosarcomas were previously investigated for *CDKN2A*/*p16*\[[@b15]\] protein expression ([Table 1](#tbl1){ref-type="table"} and [3](#tbl3){ref-type="table"}) and 14 of these were negative for *p16*. To obtain a full overview of the pRb pathway in high-grade chondrosarcomas, we further studied these 29 tumours for expression of other players in the pRb and *p53* pathway by means of IHC for *cyclin D1*, *p21* and *p53*. For 19 tumours, corresponding fresh frozen tissue was available ([Table 1](#tbl1){ref-type="table"}). Details of the primary antibodies used are described in Supplementary Table S2. As negative controls, slides were incubated in PBS/BSA 1% without primary specific antibodies. An IHC protocol optimized for cartilaginous tissue was applied to avoid detachment of sections \[[@b13]\]. Antigen retrieval was performed using citrate buffer at 98°C for 20 min in a water bath. Slides were independently semi-quantitatively scored for nuclear staining, as described previously \[[@b13]\] by two observers (YS, JVMG). Both were blinded to the clinicopathological data. Scores were given for intensity (1 = weak, 2 = moderate, 3 = strong) and for the percentage of positive cells (1 = 0--24%, 2 = 25--49%,3 = 50--74% and 4 = 75--100%). To avoid tumours with single positive cells being regarded as positive, cut-off levels for statistical analysis were applied (sum of score *CDK4* and *p53*≥ 4, and of *cyclin D1*, *MDM2* and*c-MYC*≥ 3. Tumours were regarded as negative for *p21* with a sum of score ≤ 1, similar to the previous *p16* staining \[[@b15]\]).

###### 

Twenty-nine high-grade chondrosarcomas and associated alterations in the key players of the pRb and p53 pathways

            L-number     pRb pathway      p53 pathway                                          
  --------- ------------ ---------------- ------------- ----------- ------------- ------------ -----
  1         147          \+               −             −           −             n/a          −
  2         164          \+               \+            \+          \+            −            −
  3         171          −                \+            −           \+            −            −
  4         172          −                \+            \+          \+            n/a          −
  5         181          −                \+            −           −             −            −
  6         182          \+               \+            −           \+            −            −
  7         184          −                \+            \+          \+            \+           \+
  8         187          −                \+            \+          −             −            −
  9         190          −                \+            −           −             n/a          −
  10        250          \+               −             \+          \+            −            \+
  11        253          −                −             n/a         −             \+           n/a
  12        260          \+               −             \+          \+            −            \+
  13        265          \+               −             \+          \+            \+           \+
  14        266          −                −             \+          −             −            \+
  15        278          \+               \+            −           \+            \+           −
  16        286          −                −             −           \+            n/a          −
  17        304          \+               −             \+          \+            \+           −
  18        333          −                −             \+          \+            −            \+
  19        536          \+               −             \+          −             −            −
  20        629          \+               \+            \+          \+            −            \+
  21        654          −                −             \+          \+            −            \+
  22        795          −                \+            \+          \+            \+           \+
  23        802          \+               \+            −           \+            −            −
  24        813          \+               \+            n/a         n/a           −            n/a
  25        822          \+               −             \+          \+            −            \+
  26        861          −                \+            −           −             n/a          −
  27        903          \+               −             \+          \+            −            −
  28        908          \+               \+            \+          \+            \+           \+
  29        1066         −                \+            −           \+            \+           −
  Total     Negative     Positive         Positive      Negative    Positive      Positive     
            14/29(48%)   16/29 (55%)      17/27(62%)    8/28(28%)   8/24(33%)     11/27(41%)   
  Summary                **28/29(96%)**                             21/29 (72%)                

\+ and -- indicate positive and negative results, respectively. Immunohistochemical results for *p16* were published previously \[[@b15]\]. n/a: data not available.

Statistical analysis
--------------------

Normalized expression levels of different tumour groups were compared with growth plates using the Student's t-test or one-way ANOVA with Bonferroni correction, after log^10^ transformation. Correlation between immunohistochemical staining and histological grade was analysed using Pearson chi-square. Immunohistochemical data were correlated with follow up by calculating the Kaplan--Meier curves and corresponding log rank tests. *P*-values \< 0.05 were considered significant.

Results
=======

Functional analysis of the pRb pathway *in vitro*
-------------------------------------------------

Immunoblotting showed an absence of *CDKN2A*/*p16* in all three chondrosarcoma cell lines, while pRb was mainly present in its inactive, hyper-phosphorylated form ([Fig. 1A](#fig01){ref-type="fig"}). Overexpression of *CDKN2A/p16* caused a shift of hyper-phosphorylated pRb to hypophosphorylated pRb (1B), and a decrease in total pRb levels in SW1353, OUMS27 and CH2879. The relative number of cells decreased in SW1353, OUMS27 and CH2879 upon overexpression of *CDKN2A/p16* (*P*= 0.035, 0.002, and 0.014, respectively; [Fig. 1C](#fig01){ref-type="fig"}). In all cell lines, the WST-1 assay detected decreased metabolic activity, referred to as cell viability, to almost half of the metabolic activity of the controls for OUMS27 and CH2879 (*P*= 0.003 and *P*= 0.0455; [Fig. 1D](#fig01){ref-type="fig"}); this was less pronounced in SW1353 (*P*= 0.059).

![Immunoblot analysis of chondrosarcoma cell lines upon the overexpression of *CDKN2A/p16* (A) or knock-down of *CDK4* (E). (B) The characteristic band shift of pRb on 7.5% gel in the chondrosarcoma cell lines SW1353 and OUMS27. VH10 that was density-arrested and serum starved and subsequently reseeded in 20% serum (+) served as a control for hyper-phosporylated pRb. (F) The decreased ability of OUMS27 to form colonies after knockdown of *CDK4*. Relative cell numbers (C, G) and cell viability (D, H) compared with controls are shown (both measured 6 days after treatment). \*significant differences.](jcmm0013-2843-f1){#fig01}

All three cell lines showed high levels of *CDK4* mRNA expression (see Supplementary Fig. S1). shRNA targeting *CDK4* in the chondrosarcoma cell lines and MCF7 was effective ([Fig. 1E](#fig01){ref-type="fig"}). Decrease in hyper-phosphorylated pRb expression is indicative of cell cycle arrest and was found upon knockdown of *CDK4* in all the cell lines, although to a lesser extent in OUMS27. Again, a reduction of total pRb with hypo-phosphorylation of existing pRb is observed. Enhanced degradation of pRb has been described previously after the inhibition of *cyclin D1* in *p21*^WAF1^ expressing lung cancer cells \[[@b33]\]. Interestingly, the CH2879 cells, in which the effect on pRb levels is most prominent ([Fig. 1E](#fig01){ref-type="fig"}), show a relatively high level of *p21*^WAF1^, correlating with the wild-type *p53* status in these cells (data not shown). The number of cells in the *CDK4* shRNA transduced cells was significantly decreased (SW1353 *P*= 0.002; OUMS27 *P*= 0.003; CH2879 *P*= 0.015; [Fig. 1G](#fig01){ref-type="fig"}). Metabolic activity was decreased in *CDK4* shRNA transduced OUMS27 and CH2879 cells (*P*= 0.0002 and *P* \< 0.0001, respectively; [Fig. 1H](#fig01){ref-type="fig"}). In SW1353 an increase in metabolic activity was observed, analogous to the non-significant changes after overexpression of *p16*. SW1353 has a less cartilaginous appearance *in vitro*\[[@b34]\], despite its expression of typical cartilage mRNAs, and has a higher rate of proliferation than OUMS27 and CH2879, which may explain the divergent results in the WST-1 assay for this cell line. The capacity of all chondrosarcoma cell lines to form colonies *in vitro* was reduced upon knockdown of *CDK4* (*e.g.* OUMS27, [Fig. 1F](#fig01){ref-type="fig"}).

Expression of pRb and *p53* components in clinical samples
----------------------------------------------------------

### Quantitative PCR

The increase in *CDK4* and *MDM2* mRNA expression correlates with increasing histological grade ([Fig. 2A and C](#fig02){ref-type="fig"}) (Pearson *R*= 0.684, *P* \< 0.0001 and *R*= 0.508, *P*= 0.007, respectively). Expression of *MDM2* was significantly higher in tumours demonstrating 12q13 amplification at array-CGH \[[@b6]\] than in tumours without amplification (Student's t-test *P*= 0.044, confidence interval \[−0.83; −0.014\], supplementary Fig. S2). *c-MYC* mRNA expression was not associated with histological grade (data not shown). In enchondromatosis-related tumours, *c-MYC* mRNA expression was significantly higher than in solitary tumours (Student's t-test *P*= 0.011, confidence interval \[−0.80; −0.116\]; Supplementary Fig. S3).

![*CDK4* (A) and *MDM2* (C) mRNA expression levels relative to the growth plate are shown. Nuclear protein expression of *CDK4* (B) and *MDM2* (D) was determined (magnification 40×).](jcmm0013-2843-f2){#fig02}

### Immunohistochemistry

Results of *CDK4*, *MDM2* and *c-MYC* staining on the series of 90 FFPE sections are shown in [Table 2](#tbl2){ref-type="table"}. Nuclear expression of *CDK4* and *MDM2* protein, as illustrated by [Figure 2B and D](#fig02){ref-type="fig"}, was correlated with increasing histological grade in chondrosarcomas (Pearson's *R*= 0.368, *P*= 0.009 and [Fig. 2E](#fig02){ref-type="fig"}, *R*= 0.356, *P*= 0.007, respectively). Of the 29 high-grade chondrosarcomas that were previously studied for *CDKN2A*/*p16* protein expression \[[@b15]\] ([Table 3](#tbl3){ref-type="table"}) and that were selected for further study, *cyclin D1* was expressed in 62% (17/27). Moreover, 8 of 28 tumours were negative for *p21*, a *CDK4*/*Cyclin D1* inhibitor activated by *p53*. Eight of 24 high-grade chondrosarcomas (33%) were positive for *MDM2* and in 11 of 27 *p53* was overexpressed. These results emphasize that aberrations in the pRb pathway occur in the majority (28/29, 96%) of high-grade chondrosarcomas. In fact, central cartilaginous tumours harbouring aberrations in the pRb pathway had shorter disease-free survival (log rank test *P*= 0.018), although this was not independent of histological grade.

###### 

Immunohistochemical staining of 90 FFPE samples of enchondroma and chondrosarcoma patients

                                *CDK4*   MDM2   c-MYC                
  ----------------------------- -------- ------ ------- ----- ------ -----
  **Enchondroma**               6/12     50%    0/20    0%    0/20   0%
  **Chondrosarcomagrade I**     4/20     20%    1/19    5%    3/25   12%
  **Chondrosarcomagrade II**    11/21    52%    7/25    28%   2/28   7%
  **Chondrosarcomagrade III**   6/9      67%    6/13    46%   3/17   18%

While a correlation between mRNA expression of *CDK4* and *MDM2* with 12q13 amplification was evident, only in two of four tumours with an amplification (L795 and L1066) *CDK4* and *MDM2* protein expression were found (data not shown). Nuclear *c-MYC* protein expression was found in 0 of 20 enchondromas and in only 8 of 70 (11%) chondrosarcomas ([Table 2](#tbl2){ref-type="table"}). The difference in *c-MYC* mRNA expression between enchondromatosis and solitary tumours was also not confirmed at the protein level(χ^2^*P*= 0.983).

Discussion
==========

The aim of our study was to investigate whether the pRb and *p53* pathways harbour potential targets for therapy of inoperable or metastatic chondrosarcomas. We present the first *in vitro* evidence for an important role of *CDKN2A/p16* and *CDK4* in chondrosarcoma cell survival and proliferation.

Unfortunately, there is nothing with curative intent to offer patients with inoperable or metastatic high-grade chondrosarcoma.12q13 and 8q24 amplifications and 9p21 deletions are reported and suggest an important role for cell cycle regulators. Therefore, we investigated whether the pRb and *p53* pathways carry a specific target that could be used for future targeted therapy of high-grade central chondrosarcoma, similar to the attempts currently being made for other types of cancers. We demonstrate alterations of the pRb pathway in the vast majority of high-grade central chondrosarcomas.

Increased *CDK4* expression, both at the mRNA and protein level, was found in 16 of 29 high-grade central chondrosarcomas and correlated with increasing histological grade and, consequently, poor prognosis. Increased *CDK4* expression was also shown previously in a pRb-negative chondrosarcoma cell line by Asp *et al*. \[[@b16]\]. Reducing *CDK4* expression in chondrosarcoma cell lines resulted in decreased survival and cell proliferation, confirming the important role of *CDK4* in chondrosarcoma progression.

Loss of *p16* was previously shown in chondrosarcoma specimens and cell lines by Asp *et al*. \[[@b7], [@b16]\] and by us \[[@b15]\]. We now show the functional implications of the *p16* loss in central chondrosarcoma by overexpressing *p16* in three *p16*-negative chondrosarcoma cell lines. We found decreased cell growth upon *p16* overexpression, which is probably caused by senescence, since increased apoptosis was not observed (data not shown).

Other players in the pRb pathway are also affected in central chondrosarcoma, as was also reported previously\[[@b7], [@b14]--[@b17], [@b35]\]. We show that the pRb pathway is affected in 96% of the high-grade central chondrosarcomas, either by a decrease in the amount of *CDKN2A*/*p16* (48%), an increase in the amount of *CDK4* (55%) or expression of *cyclin D1* (62%) ([Table 3](#tbl3){ref-type="table"}, [Fig. 3](#fig03){ref-type="fig"}). In addition, we show that *MDM2* overexpression is correlated with increased histological grade. Thirteen of 38 (34%) high-grade tumours showed staining for *MDM2*, indicating that *p53* degradation through *MDM2* is also associated with tumour progression in a subset of central chondrosarcomas. Thus, alterations in p53 and pRb pathways are non-redundant in high-grade central chondrosarcoma. Crosstalk between the pRb and p53 pathway occurs *via* the *p53* response gene, *p21*^WAF1^. The *p21*^WAF1^ protein can inhibit the *CDK4*-*cyclin D1* complex upon overexpression ([Fig. 3](#fig03){ref-type="fig"}). Surprisingly, *p21* expression was also shown to be associated with increasing grade in chondrosarcoma \[[@b36]\].

![Changes in the pRb and p53 pathway promoting cell cycle passage in high-grade central chondrosarcoma, as found in the present and previous studies. Correlations are positive, unless stated otherwise.](jcmm0013-2843-f3){#fig03}

The reported amplification of the *c-MYC* locus (8q24) \[[@b21]\] could not be verified in our previous arrayCGH experiments \[[@b6]\]. cDNA microarray demonstrated differences in mRNA expression of the oncogene *c-MYC* in enchondromatosis-related *versus* solitary tumours \[[@b23]\], which we confirmed in the present study using qPCR. *c-MYC* overexpression is observed in a large number of malignancies \[[@b22]\]. Based on the low *c-MYC* protein expression levels we detected in chondrosarcoma, the importance of oncogene *c-MYC* in central chondrosarcoma development or progression is questionable.

Chondrosarcomas are highly insensitive to classical chemotherapeutics that interfere with the cell cycle, like methotrexate and 5-fluorouracil, and to radiation therapy. Surgery is currently the only therapeutic option. We now show that central chondrosarcomas gain defects in the pRb pathway upon progression in grade, and that in the majority of high-grade chondrosarcomas either *CDKN2A/p16* expression is inhibited, *CDK4* is activated, or both. Our *in vitro* experiments with shRNA against *CDK4* and overexpression of *CDKN2A*/*p16* gene suggests that a number of therapeutic strategies may become possible including the use of *CDK4* inhibitors. Functionally intact pRb signalling is a prerequisite for the effectivity of *CDK4* inhibition. Despite LOH of 13q14 has been found in a subset of chondrosarcoma \[[@b5], [@b13], [@b14]\], pRb mutations were not found \[[@b5]\]. Moreover, we show deliberate pRb expression in three chondrosarcoma cell lines.

In MCF7 breast cancer cells, *CDK* inhibitors were effective in treating tumours that overexpress the *CDK4*-*cyclin D1* complex or that have lost INK4a function \[[@b37]\]. Heat shock protein 90 (HSP90) inhibitors could also be potential proliferation blockers in chondrosarcoma, since the stabilization of *CDK4*, among other proteins, is regulated by HSP90 (reviewed in Whitesell *et al.*, 2005 \[[@b38]\]). Our results indicate that studying the effect of compounds targeting *CDK4*, as soon as they are made available for (pre-)clinical use, would be the next step to investigate alternative, targeted treatment for high-grade central chondrosarcomas.
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**Fig. S1** Central chondrosarcoma cell lines SW1353, OUMS27and CH2879 show high levels of *CDK4* mRNA in qPCR, comparable to the levels in high-grade chondrosarcoma.

**Fig. S2** Central chondrosarcomas, showing gain at 12q13 atarrayCGH, express significantly higher mRNA levels of*MDM2*.

**Fig. S3** *c-MYC* mRNA levels are significantly increased in enchondromatosis patients.
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